Macroalgae have not met their full potential to date as biomass for the production of energy. One reason is the high cost associated with the pretreatment which breaks the biomass's crystalline structure and better exposes the fermentable sugars to anaerobes. In the attempt to overcome this technological barrier, the performance of a Hollander beater mechanical pretreatment is assessed in this paper. This pretreatment has been applied to a batch of Laminariaceae biomass and inoculated with sludge from a wastewater treatment plant. The derived biogas and methane yields were used as the responses of a complex system in order to identify the optimal system input variables by using the response surface methodology (RSM). The system's inputs considered are the mechanical pretreatment time (5-15 minutes range), the machine's chopping gap (76-836 µm) and the mesophilic to thermophilic range of temperatures (30-50 °C). The mechanical pretreatment was carried out with the purpose of enhancing the biodegradability of the macroalgal feedstock by increasing the specific surface area available during the anaerobic co-digestion. The pretreatment effects 2 on the two considered responses are estimated, discussed and optimized using the tools provided by the statistical software Design-Expert v.8. The best biogas yield of treated macroalgae was found at 50 °C after 10 minutes of treatment, providing 52% extra biogas and 53% extra methane yield when compared to untreated samples at the same temperature conditions. The highest biogas rate achieved by treating the biomass was 685 cc gTS -1 , which is 430 cc gTS -1 in terms of CH4 yield.
Introduction
Brown macroalgae have been largely investigated for bioenergy production [1] , because of their special characteristics like absence or very low lignin content, high carbohydrates and low lipid levels. All these advantages make their anaerobic biodegradation easier than their relatives' microalgae. In fact, because of their lipid cell walls, microalgae usually require high-pressure pretreatments in order to obtain their cell disruption [2] . Besides biogas [3, 4] , numerous pioneering studies have been undertaken on Laminaria spp. as biofeedstock to produce other varieties of biofuels; special attention has been paid to bioethanol [5] [6] [7] [8] [9] [10] and biohydrogen [11] [12] [13] production. Very recently Qin et al. [14] pushed further the frontier of sustainability by genetically engineering algae in order to increase their growth rate to meet the growing demand for algal biofuels, and thus address the challenge of the biomass feedstock supply. The scope of the study was to also modify the microalgae's metabolic pathway for a more efficient production of high-value products. The natural fast growing rates of brown macroalgae also led to very interesting studies on marine biomass aquaculture for CO2 fixation [15] [16] in which the macroalgae's remediation potential has been identified.
Biogas itself has been found to mitigate greenhouse gas emissions when used as transport fuel [17] .
Biogas can be derived via anaerobic fermentation of any organic matter, including the cellulose and hemicellulose within plants, although the biomass must be subjected to pretreatment processes in order to liberate the sugars needed for fermentation [18, 19] . In the literature many types of pretreatments have been used, depending on the substrate's morphology, to perform different tasks while consequences to methane production were estimated [20] [21] [22] [23] [24] . A mechanical pretreatment phase is usually the first step not only for methane but also for bioethanol fermentation [25] . In particular, milling, grinding and 5 extrusion can be accounted amongst the most successful mechanical pretreatments on lignocelluloses to biogas production. In fact, studies conducted on milling [20] , revealed this technique is effective at increasing the methane by 5-25% for most lignocelluloses, without producing inhibitors. For some lignocelluloses, such as sisal fibre waste, the methane yield improvement is even higher and can reach from 31% up to 70% [26] . Silva et al. [27] have studied the effect on enzymatic degradation of wheat straw using ultra-fine grinding by ballmilling and air-jet milling. Ball-milling appeared to be the most effective pretreatment by enhancing the total carbohydrate degradability up to 46% and the glucose hydrolysis yields up to 72%. Bead mill effects on methane yields from food waste were investigated by Izumi et al. [28] . Findings reveal that methane improvement of 28% occurred when compared to untreated fibers. Finally, Hjorth et al. [29] have found that methane production from deep litter is enhanced by 9-70% after 28 days when the extrusion is used as pretreatment. In general, all these mechanical pretreatment techniques are high energy demanding [30] [31] [32] [33] .
The high pretreatment's cost has been in fact identified as one of the key barriers for commercialization of lignocellulosic biofuels [34] . In order to help overcome this technological obstacle and make seaweed exploitation to bioenergy economically feasible, a Hollander beater pre-treatment's effects on biogas and methane yields from indigenous Irish Laminariaceae sp. have been investigated in this paper. This technique is based on the same 'comminution' concept proposed by all other mechanical treatments and has been applied to macroalgal feedstock, achieving promising results [35] . A co-digestion with digester sludge is used to provide the necessary bacteria in the digesting reactors. The response surface methodology (RSM) was applied in the experiment and aims to identify the ideal levels of pretreatment parameters and digesting temperature which will result in the best biogas and 6 methane yield. Finally, an operating cost minimization analysis was carried out by using the optimisation tools of the statistical software Design-Expert 8.0.
Materials and methods

Pre-treatment machine
The pre-treatment machine consists of a modified Hollander beater; model Reina as shown in Fig. 1 . The machine's gap between the blades and bed-plate is adjustable by using a crank handle. A single turn of the crank handle corresponds to 76µm. The grooves located on the bed-plate exercise a cutting action while the high pressure and speed reached under the drum beat the mixture, creating the macroalgal pulp used to feed the reactors. This machine can be used to treat dry and wet biomass, but it requires the addition of water to the substrate in order to recirculate the stock.
Co-digesting feedstock and inoculum
The seaweeds batch was collected on-shore in Howth (Dublin, Ireland) in early June for the response surface methodology (RSM) experiment, and was treated and inoculated the same day. The Laminarinaceae spp. identified in the batch were L. Digitata mainly, L.
Saccharina (Saccharina Latissima) and L. Hyperborea.
Sludge was used as inoculum and collected in the wastewater plant of Ringsend (Celtic Anglian Water Ltd.), Dublin, Ireland. Such inoculum was not allowed to degasify in order to simulate the real operating conditions of a co-digestion facility. Hence, the sludge contribution in terms of biogas and methane volume rates was deducted from the co-digesting yields. In order to estimate such sludge contribution, a reactor in double replication has been used to ferment sludge-only at each digesting temperature of the RSM model. A tank of 7 sludge was collected from the plant the same day of the experiment and used immediately. As the sludge composition changes on a daily basis, the full RSM experiment used sludge with characterization shown in Table 1 .
Batch bioreactors preparation
The bioreactor system consists of flasks of 500 ml in capacity each. The equipment is constituted of: 2-way and 3-way valves, quick release tubing connectors, plastic pipes and airtight plastic bags for biogas collection; see Fig. 2 . The anaerobic conditions are created by purging nitrogen in the system for 2 minutes according to procedure VDI 4630 [36] . Waterbaths were used to keep the reactors at the desired temperature within an interval of confidence of ±1°C. During the incubation, flasks were gently shaken every 20 hours in order to favour the degasification of the substrate and the contact between the biomass and the inoculum. When the biogas production rate was found to be less than 1% of the overall volume produced, the digestion was stopped according to [36] . Hydraulic retention time (HRT) was 21 days. A biogas analyser, model Drager X-Am 3000, was used to verify anaerobic conditions were created correctly when preparing the reactors and to analyse the gas composition at the end of the gas collection.
Experimental Methodologies
The experiment aims to find the optimal levels of the Hollander beater's operating parameters such as the beating time (BT) of treated biomass and the ideal machine's gap (MG) combined with fermentation temperature (T), while assessing how such parameters affect the biogas yield and its methane content. Due to a limited capacity of water-baths, a design of experiment (DOE) was performed in order to minimize the number of reactors needed for the experiment. The pretreatment machine operated on a mixture of 2 kg of on-8 shore biomass (fronds) and 20 litres of water. Reactors of untreated samples contain 30 g of wet plant and 300 ml of sludge, while treated reactors contain 200 ml of macroalgal pulp with 300 ml of inoculum. The moisture contents of both untreated seaweeds and macroalgal pulp were assessed to provide a comparison of biogas and methane yield per gram of total solids (TS = 1 -moisture content (%)), see Table 2 . TS of the untreated frond were 14.4%. The drying temperature was 105°C, until constant weight was achieved.
Design of Experiment
The response surface methodology (RSM) adopted for the second experiment follows the Box-Behnken Design (BBD) whose variables are shown in Table 3 . This methodology was then applied to the measured yields using the statistical software, Design-Expert v.8.
RSM is a set of mathematical and statistical techniques that are useful for modelling, interpreting and predicting the response of interest to several input variables χ (from levels i to j) with the aim of optimizing a single or multiple response "ys". The independent variables in this study are the pretreatment time (BT), fermentation temperature (T) and the machine's gap (MG). The second order polynomial model, given by equation (1), was fitted using a stepwise regression (α=0.01) via Design-Expert v.8 and it was applied on two responses (y1, y2): the biogas and methane yields per gram of total solids (cc gTS -1 ). The same statistical software was used to generate the analysis of variance (ANOVA) and the response plots.
The values b0, bi, bii and bij represent the regression coefficients. The p-value of the model has been computed using α=0.01 so that the model may be considered adequate within the confidence interval of (1−α) [37] . Results are then used to run an optimization 9 study using the numerical and graphical methods provided by Design-Expert in order to find out the best factor levels that, under specific user-defined criteria, will maximize the system's responses.
Results and Discussion
Model estimation
The RSM provided the optimum combinations to be tested in order to capture the biggest variability in ys with the minimum amount of runs. Fig. 3A and 3B respectively for biogas and methane yields. Since the internally studentized residuals are reasonably close to the normal probability diagonal, these Fig.s indicate that the developed models are adequate and fit the data with a normal distribution of probability.
The analysis of variance (ANOVA) indicated that the temperature (T), the machine's gap (MG), the two level interactions of (T x MG), and the second order effects of (T (2) and (3)) and actual factors (eqs. (4) and (5) 
The perturbation plot in Fig. 4A shows that factors T and MG affect the biogas volume response in a convex way, while BT affects it in a concave way. This suggests the following: i) decreasing the temperature from 40°C to 30°C or increasing it from about 40°C to 50°C has a consistent positive effect on the biogas yield; ii) the desirable setting of the gap is 0 turns; iii) BT increase is beneficial up to the vertex of the effect's curve (at about 11 minutes), after this point prolonging the treatment time results in a negative effect on the biogas production. Fig. 4B illustrates that a significant interaction may occur between T and MG when the temperature is around 33.8°C, at the intersection of the confidence bands. This means that when incubating at T≤33.8°C, a tighter gap would be recommendable. The perturbation behaviour of the methane response is plotted in Fig. 5A . Factors T and MG have again a convex effect, while BT has a concave one. In the case of methane production, the desirable temperatures are around either 30° or 50 °C, and using a gap larger than -1 (0 turns) 11 will result in a significant CH4 decrease. The same considerations made for BT effect on the biogas yield apply to the methane response. The interaction plot in Fig. 5B shows that incubation at 50°C is preferable at MG≤5; otherwise a digesting temperature of 30°C should be used in order to maximize the methane yield. The combined role played by BT and MG is quite interesting on the mechanical treatment effectiveness's point of view. Basing on the perturbation-interaction plots and the results in Table 4 , it appears that certain level combinations of these two factors (in the region where 5≤MG≤10 and 10≤BT<15) interact in such a way that both yields result reduced. This is particularly visible in the methane production. The interaction plots in Fig.4B and Fig. 5B suggest that a methanogenic inhibition takes place around 40°C. Methane yield reduction of other mechanically over-treated substrates was observed in the literature and it seems due to inhibitory phenomena development during the digestion. These can be caused by multiple factors, the main ones are the accumulation of VFAs and consequent pH alteration, the accumulation of long chain fatty acids (LCFAs) or NH4 + , and the production of H2S [38] . The response surface so obtained is shown in Fig. 6A for the biogas yields and Fig. 6B for the methane yield.
Biogas and methane production
Across the period examined, the digester sludge contribution to the overall biogas formation was 930, 1030 and 100 cc respectively at 50°C, 40°C and 30 °C with a CH4 content of about 30% in each case. The sludge's biogas and methane production has been subtracted from the co-digesting results in order to determine the substrate's contribution. Samples of untreated material produced an average of 332, 305 and 319 cc gTS -1 of biogas respectively at 50°C, 40°C and 30 °C. The methane content peaked at 40°C where it reached the value of 51%, while it slightly decreased from 47% to 44% when passing from 50°C to 30°C. The results of the treated samples are provided in Table 4 , while Fig. 7 shows the mean biogas (A) and methane (B) yields achieved during the RSM experiment, sorted by standard order and correlated to their standard deviations. Assuming an ash content according to [39] , it can be seen that most of the methane yields in Table 4 are in range with those found in the literature at about the same digesting temperature and for the same period of the year [40] [41] [42] , but the thermophilic range seems to offer better volumes. Thermophilic temperatures were also found to improve the conversion of microalga Spirulina Maxima to methane [43] . In fact, the best result of both biogas and methane yield were achieved at 50°C when using BT=10 minutes and MG=0 as the pretreatment settings (samples 6 and 23). These settings allow up to 52% extra gas and 53% extra methane yields when compared to the untreated substrate at the same temperature. Nevertheless, a thermophilic range of temperature has been found to make the fermentation unstable [44] and it causes increased operating costs due to higher energy consumption of the heating units. Therefore an optimization study has been carried out to identify the highest yields achievable when the factor temperature is minimized.
Yields' optimisation
In order to predict the best factor levels that will maximize the biogas and methane production; the optimizing function consists of the maximization of eq. (4) and (5). A numerical optimisation provided by Design-Expert was applied to the RSM dataset, followed by a graphical optimization. The numerical study will provide the ideal factor levels to achieve the highest biogas and methane yields, while the graphical method investigation will result in a chart that associates the factor levels to an area of target yields defined by the user.
In the numerical optimisation, levels of importance were attributed to each factor and response criteria. Factors BT and T were minimized with importance 3, while the two responses were maximized with importance 5. Factor MG was left in the same range as the RSM experiment. The optimal biogas (669 cc gTS -1 ) and methane (292 cc gTS -1 ) yields were identified at T=30°C after BT=11 minutes of treatment using the machine's setting MG=0
turns, allowing respectively 52% extra biogas and 51% extra methane yields when compared to untreated feedstock fermenting at the same temperature.
Finally, the graphical optimisation findings are shown in Fig. 8 at MG=0 (76 µm) . The target area in yellow is delimited by two curves corresponding to the maximizing criteria set by the authors. Lower and upper limits of such areas are respectively the lowest (400 cc gTS -1 of biogas and 250 cc gTS -1 of methane) and the highest (685 cc gTS -1 of biogas and 430 cc gTS -1 of methane) yields identified by Design-Expert in the numerical optimization. Fig. 8 (A) and (B) offer a quick-approach chart to obtain operational parameters for macroalgalbased reactors in co-digestion with sludge.
Conclusions
The Hollander beater mechanical pretreatment is effective at enhancing both methane percentage and total biogas yield compared with untreated samples. In fact, untreated samples can produce up to an average of 332, 305 and 319 cc gTS -1 of biogas respectively at 50°C, 40°C and 30°C. The best results of methane conversion of treated macroalgae were achieved after 10 minutes of treatment using the minimum machine's gap (76 µm) and incubated at 50°C. Such results produced up to 651±48 cc gTS -1 and methane yield 425±6 cc gTS -1 , with about 52% biogas and 53% methane yield improvement when compared to the untreated feedstock at the same incubating temperature. An optimization study was performed with the goal of reducing the operating costs associated to the pretreatment and the incubation process at the same time. Such an optimization is aimed at minimizing the incubating temperature and the pretreatment time while maximizing the biogas yield and its methane content. The optimal biogas (669 cc gTS -1 ) and methane (292 cc gTS -1 ) yields were identified at T=30°C after BT=11 minutes and MG=0 turns, allowing respectively 52% extra biogas and 51% extra methane yields when compared to untreated feedstock fermenting at the same temperature.
The Hollander beater mechanical pretreatment exhibits promising results while offering the opportunity to treat wet material without the inconvenience of drying the substrate prior to treatment. Drying is, in fact, normal practice for other mechanical treatments such as milling or grinding. With the associated extra cost that drying involves, our study is more advantageous when thinking about a large scale pretreatment. With these considerations and the promising results shown, the Hollander beater's viability should be fully investigated as a pretreatment for enhanced bioenergy production. Table 4 . Design matrix and measured biogas and methane yields. 
